RhoA and Rac play key and opposite roles during neuronal polarization. We now show that Lfc, a guanosine nucleotide exchange factor (GEF), localizes to the Golgi apparatus and growth cones of developing neurons and negatively regulates neurite sprouting and axon formation through a Rho signaling pathway. Tctex-1, a dynein light chain implicated in axon outgrowth by modulating actin dynamics and Rac activity, colocalizes and physically interacts with Lfc, thus inhibiting its GEF activity, decreasing Rho-GTP levels, and functionally antagonizing Lfc during neurite formation.
Introduction
Activation of a signaling pathway involving a receptor tyrosine kinase (Sosa et al., 2006) , phosphatidylinositol 3-kinase (PI3K) (Shi et al., 2003) , Par polarity complex (Shi et al., 2003) , and small Rho GTPases (Schwamborn and Puschel, 2004; Chuang et al., 2005; Nishimura et al., 2005) is crucial for axon formation. This facilitatory pathway is reinforced by the action of a positive feedback loop involving guanosine nucleotide exchange factors (GEFs) for Rac (Arimura and Kaibuchi, 2007; Barnes and Polleux, 2009; Conde and Cáceres, 2009 ). Overexpression of either of the GEFs, TIAM1 or STEF, induces multiple axon formation, whereas their depletion prevents axon outgrowth (Kunda et al., 2001; Nishimura et al., 2005) . TIAM1 and STEF directly interact with PAR3 forming a complex with PAR6-atypical protein kinase C and GTP-bound Cdc42 that leads to Rac activation (Nishimura et al., 2005) . Since GTP-bound Rac also activates PI3K (Tolias et al., 1995; Keely et al., 1997; Chan et al., 2002) , a positive feedback loop is thus generated to drive the continued activation of PI3K.
In contrast, a negative feedback loop involving RhoA may serve to prevent formation of supernumerary axons during polarization. Overexpression of RhoA prevents axon formation, whereas expression of dominant-negative RhoA or inhibition of its downstream effector Rho kinase (RhoK) results in multiple axon formation (Da Silva et al., 2003; Chuang et al., 2005; Sanchez et al., 2008) . Moreover, the RhoA and Rac pathways appear to have a tug-of-war relationship. For example, RhoK phosphorylates and inhibits TIAM1, STEF, and PAR3; disrupts the polarity complex; and prevents Rac activation (Nakayama et al., 2008) . Therefore, a mechanism may exist to inhibit the RhoRhoK pathway to maintain an active PAR-TIAM1/STEF-Cdc42-Rac module for axon specification (Conde and Cáceres, 2009 ). At present, the mechanisms underlying the regulation of Rho-RhoK during neuronal polarization are primarily unknown.
We have previously shown that a dynein light chain, Tctex-1, is required for axon formation by modulating a Rho-GTPasedependent pathway (Chuang et al., 2005) . Neurons overexpressing Tctex-1 had elevated Rac activity, and functional analysis showed that dominant-negative Rac or constitutively active RhoA counteracted Tctex-1-mediated axon outgrowth. Since Tctex-1 has no GEF activity, it is likely that modulation of RhoGTPase activity occurs indirectly. We now show that Tctex-1 physically interacts with the Rho-GEF, Lfc, and functionally antagonizes its activity during neurite formation.
Materials and Methods
DNA constructs and two-hybrid screening. The Lfc short hairpin (sh)-RNA plasmids were constructed in pBS/U6 vector. 5Ј-GGGCTGCGGTTGC-TTCTGTAA-3Ј (sh1-Lfc), 5Ј-GGGATGCTGGAAGAGTTGCAG-3Ј (sh2-Lfc), and 5Ј-GGGTATTCGGTTGACCCTGTG-3Ј (scrambled for sh1, SC-sh) were used as targeting sequences following the procedures described by Chuang et al. (2005) . The DNA fragments containing U6-Lfc-sh1, U6-Lfc-sh2, or U6-SC-sh were inserted into pCAG-HcRed vector in which the HcRed-cDNA is under the control of chick actin-minimal (CAG) promoter; the resulting plasmids were referred to as sh1-Lfc-HcRed, sh2-Lfc-HcRed, and SC-sh-HcRed, respectively. The construction of plasmids encoding Flag-Tctex-1, Flag-rp3, GST-Tctex-1, Lfc-GFP, and Lfc-GST has been described previously (Chuang et al., 2005; Ryan et al., 2005) ; vsvg-Lfc was a generous gift from Dr. K. Matter (University College London, London, UK) (Aijaz et al., 2005) . Two-hybrid screening was performed essentially as described by Tai et al. (1999) using Lfc as prey and Tctex-1 as bait.
Culture, transfection, immunofluorescence, and morphometry. Neuronal cultures from embryonic rat hippocampi were prepared as described previously (Kunda et al., 2001; Rosso et al., 2004; Chuang et al., 2005) . Transient transfection of cultured neurons was performed with Lipofectamine 2000 as described previously (Chuang et al., 2005) , and the constructs were used at concentrations ranging from 2 to 4 g/ml. Neurons were fixed with 4% paraformaldehyde in 4% sucrose-containing PBS and permeabilized in 0.2% Triton X-100 in PBS for 5 min before antibody incubation; for some experiments, cultures were extracted with detergents under microtubule-stabilizing conditions before fixation to obtain cytoskeletal preparations (Kunda et al., 2001) . The following primary antibodies were used in this study: a monoclonal antibody (mAb) against tau protein (clone Tau-1; a generous gift from Dr. L. I. Binder, Northwestern University, Chicago, IL), diluted 1:100; a mAb against tyrosinated ␣-tubulin, diluted 1:1000 (Sigma); a mAb and a polyclonal antibody against Tctex-1 (Chuang et al., 2005) , diluted 1:800; an affinity-purified rabbit polyclonal antibody raised against Lfc (Santa Cruz Biotechnology), diluted 1:50 or 1:100; a chicken polyclonal antibody against rat Lfc, diluted 1:10 or 1:20; a rabbit polyclonal antibody or a mouse mAb against Flag (Sigma), diluted 1:500; and a rabbit polyclonal antibody against glutathione S-transferase (GST) (Santa Cruz Biotechnology). For some experiments, rhodamine-phalloidin (1:1000; Invitrogen) was used to stain filamentous actin (F-actin). Cells were visualized using either a spectral (Olympus Fluoview 1000) inverted confocal microscope or a total internal reflection fluorescence (TIRF) microscope (Nikon TE 2000) as described previously (Bisbal et al., 2008) . In addition, the relative intensities of Lfc and HcRed were evaluated using quantitative fluorescence techniques as described previously (Chuang et al., 2005) . Cells were visualized with an inverted Zeiss microscope, and images (8 bites) were collected using a CCD camera (Orca 1000; Hamamatsu) and MetaMorph software (Molecular Devices). Fluorescence intensity measurements were performed within the cell body and neurites of identified neurons; with these data, the average fluorescence intensity expressed in pixels (0 ϭ black/ 255 ϭ white) was calculated within the cell body and within the inner, middle, and distal third of identified neurites. Background levels were those detected in unlabeled cells. Images were processed using Adobe Photoshop. Neuronal shape parameters were evaluated as described previously (Chuang et al., 2005; Bisbal et al., 2008) . Briefly, montages showing the complete neuronal arbor of transfected neurons were created from confocal images (maximal projections) acquired through a 60ϫ, 1.4 numerical aperture oil objective lens, and the number and length of neuritic processes were measured from a video screen using MetaMorph software. Differences among experimental groups were analyzed by one-way ANOVA and Tukey's post hoc test.
Rho-GTPase activity and Lfc-GEF assays. Rho-GTPase activity was quantified by measuring the amounts of Rho precipitated in a pull-down reaction from cell lysates using GST-agarose containing the Rho-binding domain (Rhotekin-RBD) of a Rho effector coupled to agarose beads for GTP-bound Rho or an ELISA following the manufacturer's instructions (Cytoskeleton) (Chuang et al., 2005; Sosa et al., 2006; Sanchez et al., 2008) . For Lfc guanine nucleotide exchange activity assay, fluorescence spectroscopic analysis of N-methylanthraniloyl (mant)-GTP incorporation into bacterially purified Rho GTPases was performed according to the manufacturer's instructions (RhoGEF Exchange Assay; Cytoskeleton). Briefly, exchange reaction assay mixtures (150 l reaction volumes) containing an exchange reaction buffer (20 mM Tris, pH 7.5, 50 mM NaCl, 10 mM MgCl 2 , 50 g/ml bovine serum albumin, 1 M mant-GTP) and 1 M RhoA-GTPase and 2-5 M of each of the GST-fusion proteins (GEF-H1, Tctex-1, rp3) were used to analyze GEF activity. Reactions
were measured with a Fluorometer ISS-K2 (multifrequency phase and modulation fluorometer), and the relative fluorescence ( ex ϭ 360 nm, em ϭ 460 nm) was monitored at 20°C every 30 s for a total period of 30 min. Differences among experimental groups were analyzed by two-way ANOVA and Tukey's post hoc test.
Western blot and immunoprecipitation assays. Levels of Lfc and tubulin after RNA interference treatment in Chinese hamster ovary (CHO) cells or in cultured hippocampal pyramidal neurons were analyzed by Western blotting as described previously (Chuang et al., 2005) . Immunoprecipitation and immunoblotting assays using extracts of transfected human embryonic kidney (HEK) cells or brain lysates were performed essentially as described previously (Chuang et al., 2005; Bisbal et al., 2009) .
Results

Subcellular distribution of Lfc during axon outgrowth
The involvement of Lfc during spinogenesis has been examined in mature neuronal cultures (Ryan et al., 2005; Kang et al., 2009) . Little is known, however, about the subcellular distribution or function of Lfc during the initial stages of process formation. Therefore, in initial experiments, we analyzed Lfc localization in young cultured hippocampal neurons, when they either display a symmetric array of short neurites (minor processes, stage 2) or in the Golgi apparatus. E-H, Confocal images showing stage 2 neurons stained for Lfc (green) and tyr-tubulin (F, red), or rhodamine-phalloidin (H, red). Note that Lfc immunolabeling is concentrated in the cell center, where it colocalizes with the Golgi marker TGN38, associates with microtubules, and extends into the microtubule-free region at neuritic tips (E, arrows) where it localizes with F-actin. I-K, A high-power view of a large axonal growth cone from a stage 2-3 neuron showing the distribution of Lfc (green) and rhodamine-phalloidin (red). Note that Lfc associates with microtubules located in the growth cone C domain and with actin-rich filopodial extensions located in the growth cone P domain (arrows). The transition zone between the C and P domains displays little Lfc immunolabeling. L, M, Confocal images showing a stage 3 neuron immunostained for Lfc (green) and tyr-tubulin (red). Note that Lfc immunolabeling is present in all types of neurites (minor process or the axon) and that it extends into neuritic tips (arrows). Also note that Lfc immunolabeling is higher in the axonal shaft than in minor neurites. Images of Lfc immunostaining were obtained using the rabbit polyclonal antibody; similar staining patterns were observed with the chicken polyclonal antibody.
have already developed an axon-like neurite (stage 3). Using two different antibodies (Fig. 1 A) , Lfc was found in stage 2 cells to be localized throughout the cytoplasm but to be prominent in the perinuclear region, presumably the Golgi apparatus ( Fig. 1 B-D) , and also present at neuritic tips (Fig. 1G,H ) . During the transition through stages 2 and 3, Lfc immunofluorescence was found in the longest neurite (i.e., the prospective axon) that has a large growth cone (Bradke and Dotti, 1997; Kunda et al., 2001 ). Confocal microscopy revealed the presence of Lfc immunofluorescence associated with microtubules located in the central (C) and peripheral (P) regions of the growth cone, as well as with actin ribs and filopodia in the P domain ( Fig. 1 I-K ) . After reaching stage 3, Lfc displayed a slightly polarized distribution, as it became enriched in the axonal shaft compared with the remaining minor processes (Fig. 1 L, M ) .
Lfc prevents axon formation
Gain-of-function studies were subsequently performed to examine the role of Lfc in neurite sprouting and axon formation. Cultures were transfected with green fluorescent protein (GFP) or Lfc-GFP 2 h after plating and fixed 20 -30 h later. GFPtransfected control neurons exhibited normal development through stages 2 and 3, at which time they displayed a single Tau1ϩ axon and minor processes (Fig. 2 A) . In contrast, almost all cells expressing Lfc-GFP were arrested at stage 2 (Fig. 2 B-F ) . None of these cells were able to segregate Tau to a single neurite Figure 2 . Lfc overexpression inhibits axon formation. A, Confocal image showing a cultured hippocampal neuron transfected with GFP (green) 2 h after plating, fixed 24 h later, and stained with a mAb against Tau (Tau-1; red). B-D, A similar experiment, but from a culture transfected with Lfc-GFP. Note that the transfected cell is arrested at stage 2 of neuritic development; also note that Tau immunolabeling (C) is restricted to the cell body. E, F, Another example of a neuron transfected with Lfc-GFP that has failed to develop an axon; in contrast, a nontransfected neuron present in the same field has extended a single long and branched Tauϩ (F, red) axon. G, Graph showing the percentage of cells at stages 1-3 of neuritic development after transfection with either GFP or Lfc-GFP; cultures were transfected 2 h after plating and fixed 24 or 30 h later. The different groups represent the following: 1, GFP (24 h); 2, GFP (30 h); 3, Lfc-GFP (24 h); 4, Lfc-GFP (30 h); 5, Lfc-GFP plus Y27632 (24 h); 6, Lfc-GFP plus Y27632 (30 h). Note that Lfc overexpression significantly (*p Ͻ 0.05; **p Ͻ 0.001) increases the number of cells at stages 1 and 2 while decreasing those at stagewith most of the labeling found in the cell body (Fig. 2C) . Morphometry revealed that although Ͼ60% of the 30 h control neurons reached stage 3, Ͻ5% of Lfctransfected neurons reached this stage at this time point (Fig. 2G) . A decrease in the number of primary neurites extended by stage 2 neurons and a significant increase in the number of stage 1 cells were also detected (Fig. 2G) . Blocking RhoK activity with the inhibitor Y27632 reversed the effect of Lfc-GFP on axon formation (Fig.  2G-I ) .
We then used a gene silencing approach to complement the experiments described above. For this purpose, we generated plasmids harboring both Lfc sh-RNA and HcRed cDNA. Immunoblotting (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material) and immunostaining (supplemental Fig. 1B-N , available at www.jneurosci.org as supplemental material) showed that transfection with Lfc-sh-RNAs led to suppression of Lfc expression. Suppression of Lfc was accompanied by a significant reduction in endogenous Rho GTPase activity and Lfc-GFP-induced Rho activation (Fig. 3A) . More importantly, the majority of neurons in which Lfc expression was reduced reached stage 3 of neuritic development, displaying much longer and branched axon-like neurites than control cells (Fig. 3B-L) . In addition, neurons with 2 or 3 axon-like neurites (Tau-1ϩ) were also detected. Finally, the stimulatory effect of Lfc suppression on axon formation was neutralized by coexpression of constitutively active RhoA (Fig. 3B) .
To test whether or not Lfc prevents excessive axonal elongation and/or formation of supernumerary axons in neurons that have already acquired morphological polarity, cultures were transfected with the Lfc-sh-RNA plasmids 2 d after plating and examined 1 d later. Most (86 Ϯ 4%) Lfc-suppressed neurons exhibited increased axonal length and branching and had two or more Tau-1ϩ axons (Fig. 4, Table 1 ). Together, our results support the existence of a Rho inhibitory tone that acts on minor neurites before and after polarization to prevent axon formation and suggest that this effect is mediated by the activity of a specific GEF, namely Lfc.
Tctex-1 interacts and antagonizes Lfc activity during axon development
Ectopic expression of Lfc in cultured hippocampal neurons not only induces Rho activation but also decreases Rac activity (Kang et al., 2009) . We have previously shown that Tctex-1 is required for axon formation, an effect that involves modulation of the actin cytoskeleton through a Rho-GTPase-dependent pathway (Chuang et al., 2005) . Recent reports suggest a potential interaction between Tctex-1 and Lfc (Gauthier-Fisher et al., 2009; Meiri et al., 2009 ). To test whether Tctex-1 and Lfc may functionally interact during neurite development, several assays were used. First, we used a yeast two-hybrid binary binding assay to show that Lfc specifically binds to Tctex-1 (Fig. 5A) . Second, we used a coimmunoprecipitation assay to demonstrate that Tctex-1 and Lfc interacted with each other inside cells. The anti-Flag antibody pulled down vsvg-Lfc along with Flag-Tctex-1 from extracts of HEK cells that coexpressed both of these proteins (Fig. 5B) . Similar experiments that were performed with Flag-rp3, a homologous dynein light chain (Chuang et al., 2001; Vallee et al., 2004) , failed to coimmunoprecipitate vsvg-Lfc (Fig. 5B) . Finally, we showed that endogenous Tctex-1 coimmunoprecipitated with Lfc from embryonic mouse brain extracts (Fig. 5C) .
Confocal microscopy revealed that Tctex-1 and Lfc colocalized within the C and P domains of the axonal growth cone, where they associated with microtubules and the actin cytoskeleton ( Fig. 5D-F ). Within the P domain, Tctex-1 immunolabeling predominated at the base of filopodial extensions, whereas Lfc was more enriched at the distal ends of filopodial protrusions or actin ribs. TIRFM also revealed similar colocalization with microtubules and F-actin-containing structures located in close proximity to the growth cone plasma membrane (Fig. 5G-K ) ; Tctex-1, but not Lfc, was abundant at the transition zone between the C and P domains.
We then analyzed whether Tctex-1 was capable of regulating the GEF activity of Lfc. To this end, we expressed and purified several GST fusion proteins (Fig. 5L) and used a mant-fluorophore- (2) hippocampal pyramidal neurons. It also shows Rho-GTP levels after transfection with Lfc-GFP (3) and Lfc-GFP plus sh1-Lfc-HcRed (4). Note that Lfc suppression significantly (*p Ͻ 0.05; **p Ͻ 0.001) decreases endogenous and Lfc-induced RhoA GTP activity. B, Graph showing the percentage of cells at stages 1-3 of neuritic development after transfection with HcRed (1) SC-sh-HcRed (2), sh1-Lfc-HcRed (3), sh2-Lfc-HcRed (4), constitutively active RhoA (5), or sh1-Lfc-HcRed plus constitutively active RhoA (6). Cultures were transfected 2 h after plating and fixed 22 h later. All plasmids were used at a concentration of 2 g/ml. Values are significantly different from those of the corresponding control groups: *p Ͻ 0.05; **p Ͻ 0.001. C, Graph showing that Lfc suppression increases the length of axonal processes. Neurons were transfected 2 h after plating and fixed at the end of the first day in vitro. They were stained with the mAb Tau-1, and the length of axonal processes were measured using MetaMorph software. Note that suppression of Lfc significantly (**p Ͻ 0.001) increases axonal length. D-L, Confocal images showing the morphology of cultured hippocampal pyramidal neurons after transfection with SC-sh-HcRed and sh1-Lfc-HcRed. Neurons were transfected 2 h after plating, fixed at the end of the first day in vitro, and labeled with a mAb against tyrosinated ␣-tubulin (green).
based GEF assay (see Materials and Methods) to test the effect of dynein light chains on Lfc activity. The results showed that Tctex-1, but not rp3, significantly inhibited Lfc activity in a dosedependent manner (Fig. 5 M, N ) . This was consistent with pulldown assays or ELISAs, which revealed that Tctex-1 overexpression significantly reduced Lfc-induced RhoA activity in CHO cells (supplemental Fig. 2A,B , available at www.jneurosci.org as supplemental material), without affecting total RhoA levels. No effect on Lfcinduced RhoA activation was detected after coexpression of rp3 (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material). Together, these biochemical and immunochemical data consistently suggest that Tctex-1 interacts with Lfc and inhibits its GEF activity, thereby decreasing Rho-GTP levels.
In the final set of experiments, we examined whether Tctex-1 overexpression could compensate for the inhibitory effect of Lfc on axon development. Neurons cotransfected with equal amounts of FlagTctex-1 and Lfc-GFP displayed a single axon with several minor neurites (Fig.  6 A-C; supplemental Fig. 3 , available at www.jneurosci.org as supplemental material), whereas those transfected with Tctex-1 and Lfc-GFP in a 2:1 ratio displayed multiple axon-like neurites (Fig.  6 D-I ). In contrast, Flag-rp3 did not influence the inhibitory effect of Lfc on axon formation (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
Discussion
Lfc is a negative regulator of axon formation
Previous studies have shown that the RhoA-RhoK pathway exerts an inhibitory influence during the entire neuronal morphogenetic program (Govek et al., 2005; Sordella and Van Aelst, 2008; Tashiro and Yuste, 2008) . In the particular case of axogenesis, activation of the RhoARhoK pathway suppresses axon outgrowth, whereas its suppression/inactivation enhances axonal formation (Bito et al., 2000; Borisoff et al., 2003; Da Silva et al., 2003; Chuang et al., 2005; Sanchez et al., 2008) . It follows that tight spatial and temporal control of RhoA-RhoK activity should be a critical feature of neuronal polarization. However, the nature of the factors responsible for this regulation has remained primarily unknown. We have now addressed this issue and identified Lfc and Tctex-1 as two major interacting and opposing regulators of RhoA activity during axon formation.
Our data show that in young cultured hippocampal pyramidal neurons, Lfc promotes RhoA activity, thereby exerting a negative control that limits neurite sprouting, axon outgrowth, elongation, and branching. Several lines of evidence support this idea. First, Lfc levels modulate RhoA activity; Lfc overexpression in cultured neurons increases RhoA-GTP levels, whereas its suppression has the opposite effect. Confocal and TIRF microscopy shows that Lfc is prominent at the growth cone P domain, where high RhoA activity has been detected (Na- , 2005) . General targets of the RhoA-RhoK pathway such as TIAM1/STEF or LIMK1 are abundant at this region of the growth cone (Kunda et al., 2001; Rosso et al., 2004) . In contrast, low RhoA activity has been reported in the growth cone C domain (Nakamura et al., 2005) . Thus, the Lfc immunofluorescence signal associated with the C domain, where microtubules predominate, likely represents inactive Lfc (Birkenfeld et al., 2008) . Second, Lfc overexpression phenocopies RhoA gain of function; Lfc reduces neurite sprouting and arrests axon outgrowth and elongation. This Specifically, our results show that when Lfc is suppressed, neurons not only extend longer and highly branched axons but also form supernumerary ones. Together, our observations suggest a simple scenario in which all minor neurites have at least the minimal machinery required to activate axon growth but are prevented from doing so because of the existence of an Lfc-mediated RhoA-RhoK inhibitory tone. This signal appears to operate with equal intensity before and after polarization in those neurites not selected as axons. Accordingly, the selective or global downregulation of this inhibitory influence could be sufficient to trigger single or multiple axon formation, respectively.
Tctex-1 antagonizes Lfc activity to promote axonal growth
The question that now arises concerns the factors that prevent the inhibitory function of Lfc-RhoA and their mechanism of action. (green) and Tctex-1 (red). Note that both proteins colocalized within the growth cone C domain and at the distal end of filopodial extensions (arrows); Tctex-1 immunofluorescence was also present at the transition zone between the C and P domains, as well as at the base of filopodial extensions. G-K, A series of images showing the distribution of Lfc (green) and Tctex-1 (red) in an axonal growth cone as revealed by epifluorescence and TIRFM. Note that TIRFM images also revealed colocalization of Lfc and Tctex-1 within the growth cone P domain, including filopodial extensions (arrows). L, Coomassie blue staining of GST-fusion proteins used for the Lfc GEF assay. M, Graphs showing the GEF activity of GST-Lfc in the presence or absence of GST-Tctex-1. Note that GST-Lfc activity is inhibited in a dose-dependent manner by GST-Tctex-1; this inhibition was statistically significant ( p Ͻ 0.001) after 5 min of initiating the assay. N, A similar GEF assay showing the GST-rp3 had no effect on GST-Lfc activity. IP, Immunoprecipitates; IB, immunoblots; pAb, polyclonal antibody.
Inhibition of Lfc-RhoA may be achieved by either an increase in the activity of positive cues that counterbalance RhoA activity (e.g., enhanced expression of a Rac GEF such as Tiam1 or STEF) (Kunda et al., 2001) , or by the action of proteins such as p190RhoGAP that interacts with aPKC-Par3/6 pathways and inhibits RhoA activity (Zhang and Macara, 2008) or SMURF1 (SMAD-specific E3 ubiquitin protein ligase 1), promoting RhoA ubiquitin/proteasome-mediated degradation (Bhupinder et al., 2007 ). An alternative and effective way could be the direct targeting and inhibition of Lfc. The present results suggest that Tctex-1 could downregulate Lfc GEF activity and thereby antagonize its inhibitory action on axon formation. Several lines of evidence support this notion. First, Tctex-1 promotes neurite initiation, sprouting, and axon formation (Chuang et al., 2005) , which is the opposite effect from that of Lfc-RhoA. This is consistent with a recent study showing that Lfc and Tctex-1 have opposite actions in the regulation of cortical neurogenesis (Gauthier-Fisher et al., 2009) . Second, Tctex-1 directly interacts with Lfc and inhibits its GEF activity in a dose-dependent manner. This inhibitory effect appears to be specific, since it is not exerted by rp3. In this regard, it is worth noting that Lfc overexpression is accompanied by a downregulation of Rac1 activity (Kang et al., 2009) , whereas overexpression of Tctex-1 has the opposite effect (Chuang et al., 2005) . Third, Lfc and Tctex-1 colocalize extensively within growth cones of developing neurites, including the large growth cone observed at the transition between stage 2 and 3 that marks an initial step in axon formation Dotti, 1997, 1999; Kunda et al., 2001) . Interestingly, Tctex-1, but not other dynein-associated proteins, becomes considerably enriched in the distal axonal shaft and its growth cone after reaching stage 3 (Chuang et al., 2005) . Lfc (this study) and Tctex-1 (Tai et al., 1998) are also present in the Golgi apparatus, where other RhoA targets implicated in axon formation (e.g., LIMK1) have been identified (Rosso et al., 2004) . Finally, the ectopic expression of Tctex-1 effectively antagonizes the inhibitory effect of Lfc overexpression on axon formation.
Our data coherently support a model in which Tctex-1 counterbalances the inhibitory influence of Lfc, thereby reducing RhoA-RhoK activity during axon formation. This antagonizing activity is likely to be much stronger in the axon, where Tctex-1 accumulates considerably and may initiate the formation of a self-activating polarity module, including TIAM1, STEF, the Par polarity complex, Cdc42, and Rac1 that drives axon outgrowth and elongation. Additional factors may promote/enhance this activity. For example, DOCK7-mediated Rac activation leads to phosphorylation and inactivation of stathmin (Watabe-Uchida et al., 2006), a microtubule-destabilizing factor, contributing to the maintenance of a pool of microtubule-associated Lfc and thus reduced RhoA activity (Conde and Caceres, 2009 ). In the case of minor processes, the presence of Tctex-1 may be required to initiate sprouting (Chuang et al., 2005) and to prevent Lfc-RhoA mediated neurite retraction. However, this antagonizing influence is probably much weaker than in axons, allowing for a Rho inhibitory tone to prevail and prevent minor neurites from becoming axons.
Final considerations
While the above discussed observations highlight an inhibitory role for RhoA-RhoK in neurite sprouting and axogenesis, it should be mentioned that this pathway is also required for myosin II-driven microtubule bundling (Zhang et al., 2005; Burnette et al., 2008) . This phenomenon, associated with actin arc contractility, occurs at the growth cone transition zone and is required for axon consolidation. Since we detected a low Lfc immunofluorescence signal in this growth cone region, it is possible that other factors regulate RhoA-RhoK activity at this location. It will now be of considerable interest to address the mechanisms underlying this regulation. . Neurons were transfected 4 h after plating and fixed 20 h later. Note that ectopic expression of Tctex-1 promotes axon formation, elongation, and branching in neurons coexpressing Lfc and that this effect was dose dependent. The numbers in C, F, and I correspond to the length (micrometers) of axonal processes.
